AAS-95-149

MEASUREMENT OF MARS ROTATIONAL VARIATIONS VIA
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The INTERMARSNET mission currently under study by the European
Space Agency (ESA) and NASA involves the deployment of four Mars
landers which will perform seismologic, rotational, magnetic and
meteorological measurements to infer the internal structure of the planet,
its magnetic properties, and atmospheric circulation and weather patterns.
The measurements of Mars’ rotational variations are to be conducted via
weekly Earth-based radio tracking observations of the lander network over
one Martian year (687 days). Two-way carrier phase measurements
between an Earth antenna and each of the landers will enable precise
monitoring of the planet’s orientation and length-of-day variations, allowing
details of Mars’ internal structure and global surface/atmosphere
interactions to be determined for the first time. An analysis has been
performed to investigate the accuracy with which key physical parameters
of Mars can be determined using the Earth-based radio tracking measure-
ments. Acquisition of such measurements over one Martian year should
enable determination of Mars’ polar moment of inertia t0 0.1 %, providing a
strong constraint on radial density profiles (and hence on the iron content
of the core and mantle) and on long-term variations of the obliquity and
climate of Mars. Variations in Mars length of day and polar motion should
also be detectable, and will yield information on the seasonal cycling of CO»
between the atmosphere and the surface.

INTRODUCTION

The INTERMARSNET mission currently jointly under study by the European Space
Agency (1SA) and NASA involves the deploynient of anctwork of four Mars landers.
Seismologic data acquired from the lander network will serve as a sensitive probe into the
internal structure of the planet by monitoring the propagation of seismic waves through
Mars' interior. Earth-based tracking of the lander nctwork provides complementary
information by measuring the planet’ s rotational irregularities which arc caused principally
by the torque exerted on Mars by the Sun, but which may also have components arising
from the dynamics of a fluid core or surface/atmosphere interactions. Accurate monitoring
of variations in Mars' orientation over a large fraction of a Martian year enables extremely
accurate cst i mat ion of the polar principal moment of inertia. The Mars pole precesses about
7.5 arcsec per year, cquivalent to 50 m displacenient at the planet’s surface. Determination
of the moment of incrtia, and hence the rate of precession, to within 0.1% would impose
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significant constraints on models for the composition of the planet’s interior2 K nowledge
of the moment of inertia is also a key to understanding long term changes in the obliquity
and resultant climate variations. Accurate measurement of the semiannual nutation of the
pole would determine the size of the Mars liquid core to an accuracy of 100 km (Ref. 3).
1%l Db-based tracking of the lander network is aso sensitive to polar motion (movement of
the crust relative to the spin axis) and variations in Mars' length-of-day. Marsis expected
to have semiannual and annual-period length-of-day variations of amplitude 20 ms
(cquivalent to @ 5 m change in position at the p]cmct s surface) duc to the seasonal
sublimation and refreczing of the Mars polarice caps?, and may have detectable polar
motion resulting from asymmetry in polar icc cap deposition. An accurate record of these
effects over a Martian year would Jcad to a better understanding of the seasonal cycling of
CO, between the atmosphere and the planct's surface.

An carlicr study” showed that decimeter-level determination of Mars precession,
nutation and length-of-day variation is possible via simultancous 1 larth-based tracking of a
net work of three Mars landers (a deci meter at the surface of M ars corresponds to arot at ion
of 6 mas). In that analysis, the orientation of Mars was modeled as comprising lincar terms
to account for precession, and annual and semi-annual period sinusoidal nutation terms for
each angular component of the pole position. 1n the current analysis, rather than directly
estimating the amplitudes of various nut at ion terins, many of which are high] y correlated,
wc employ a simple physical model for the Mars interior and estimate kcy physical
parameters which affect the precession and nutat ion ampl it udes.

The next section contains a brief description of the information content of differenced
two-way carrier phase measurements from E:ir[b-based tracking, of two or more Mars
landers. The following sections describe the physical model used to describe the rotation
of Mars and the mecasurement accuracy of lander-differe nced carrier phase data. Finally, a
covariance analysisis presented and the results are discussed.

MEASUREMENT INFORMATION CONTENT

The data type being considered in this analysisis diffcrenced two-way carrier phase.
An Earth antenna uplinks a carrier signal to two or more Mars landers, each of which
coherently transponds the carrier signal. The returning signals are phase-trackccl at the
Earth antenna, and the signal phase from each pair of landers is differenced. The
differenced phase mcasurement is insensitive to Farth rotation, }iarth-Mars relative motion,
and fluctuations in delay due to the Earth and Mars tropospheres and ionospheres; the
signature in the lander-differenced carrier phase data arises from changes in the relative
range between the landers and the Earth antenna as the landers rotate about the Mars spin
axis. Over a Martian day, the projection on to the ecliptic plane of the equatorial component
of the lander-lander baseline traces out an cllipse with major axis B and minor axis
B cos(l), where B is the equatorial component of the baseline and | isthe obliquity of Mars
(the inclination of the Mars equator relative to the ecliptic plane). The geometry is depicted
inFigure 1.

If the Earth-Mars direction is parallel to the projection of the Mars rotation axis on to
the ecliptic plane, then the lander-differenced range, Ai-(t), is of the form

Ar(1) =B cos(l) cos(wpy 1 + ¢p)

where ] is the obliquity of Mars (the inclination of the Mars equator relative to the Mars
orbit), and w,, is the rotation rate of Mars. If the Earth-Mars direction is orthogonal to the
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projection of the Mars rotation axis on to the ecliptic plane, then the lander-differen ¢eq
rangeis of the form

Al”(t) =B cos(wp 1 ¢p)

In general, if Earth lies an angle ¢ from the projection of the Mars spin axis onto the
ecliptic planc, the lander-differcnced range takes the form:

Ar(1) = sin B sin(wps 1 -t @0)1 + cos & [B cos I cos(wy, 1 + $p)] (1)

Equation (1) shows that the differenced range signature is sensitive 10 the obliquity, 7,
and the ecliptic longitude of the Mars pole, v (asmall perturbation of y produces an
cquivalent perturbat ion in the angle ).

In order to gain additional insight into the information content of two-way lander-
differenced range it is instructive to consider a simple case where the Mars network
consists of 4 landers --- an East -West (EW ) basel inc formed by two landers on the equator,
and a North-South (NS) baseline consisting of two landers which lic on a common
longitude and arc equidistant from the equator. Both the KW and NS baselines are of
length B.Conventionally, for the Earth, rotational variations arc broken into five
component angles, two describing the direction of the angular momentum vector in inertia]
space, onc describing the angle of rotation about the moment of inertia vector, and two
describing the orientation of the surface with respect to the moment of inertia vector (polar
motion). This decomposition is employed so that slowly varying angles may be used to
describe the rotational variations of the angular momentum vector.




Sensitivity to / and y

If the nominal value of 7is inaccur ate by an amountdl, then the differenced range
obtained from the East-West lander pair will exhibit a residual signature of

HAr(1)) = -6l cos{ [B sin I sin(@y, 1+ ¢p)l (2)

If the Liarth-Mars direction is perpendicular to the projection of Mars spin axis onto
the ecliptic plane (i.c.{ = 90°), then differenced range measurements arc completely
insensitive to variations in J. On the other hand, when { = 0°, the amplitude of the residual
signature is &/ B sin 1. If the EW baseline is 1000 km, [hen since ] = 25°, the amplitude
of the signature is about 400 km x &/. Thus, for example, an error of 50 mas in the
obliguity would produce a diurnal differenced-range signature of amplitude 10 cm.

If the nominal value of y is inaccurate by an amount 8y, then the nominal valuc of ¢
isal so inaccurate by an amount dy. The differenced range obtained from the EW base] inc
will exhibit aresidual signature of

HAr(1)) =6y B {cos {sin (wpy 1+ ¢p) - sin { cos 1 cos (wyy 1+ §)) } (3)

Thus, depending on the value of { at the tinie of the measurement, the amplitude of
the residua signature is between By and B Sy cos(Z)= 0.9 By For a 1000 km lander
baseline, an crror of 50 masin y would produce a diurnal diffcrenced-range signature of
amplitude 22 to 24 cm.

Differenced range measurcments from the NS lander bascline arc completely
insensitive to perturbations of 7 and g since the NS baseline has zcro cquatorial projection.

Sensitivity to Polar Motion

Polar motion refers to a small rotation of the planet’s crust figure axis with respect to
the moment of inertia, cffcctively moving the pole of figure. A crustal rotation of 66 of
the EW baseline about an axis paralle] to the baseline would not change its equatorial
projection and would therefore not alter the differ cnced range signat urc. A rotation of 66
about the axis which liesin the equatorial plane and bisects the 1:W bascline would change
the cquatorial projection of the EW basclinc by an amount

&A1) =]; (1- cos (80)) = B (80)*/2 (4)

Thus, depending on the valuc of ¢ at the time of the measurement, the. residual
differenced range signature would have amplitude between B(80)%/2 and 0.411 (80)°/2.
If the baseline fengthis 1000 km, then a deviation of 50 mas would produce a diurnal
differenced-range signature with amplitude on the order of 10“7 ¢m -— much too small to

be detected from lander-differenced range measureiments.

A rotation of 460 about eitheithe X or Y figure axes would increase the equatorial
projection of NS from zero to Bsin(80) = §6 B. 1 f the baseline length is 1000 km, then a
deviation of 50 mas in polar motion would produce adiurnal di ffcrenced-range signature
with amplitude 24 cm.




SENSITIVITY OF LANDER-DIFFERENCED CARRIER PHASE MEASUREMENTS

Table 1

TO PERTURBATIONS OF MARS ORIENTATION PARAMETERS

Amplitude, in cm, of landgr-differeniced range signature
from SO mas perturbation off Mlars origmttation paranicier
Paramcter 1000 km NS Bascline 1000 km EW Baseline
] 0 0-10"
v 0 22-24'
X, 24 0
yIL 24 0
¢ 0 10-24"

"Ampliludc depends on valuc of { attime of observation (see Figute land Eq. (1))

Note: 1) 50 mas perturbation of Mars orientation is equivalent to 82 cmof  displacement
at the planct's surface

2) Sendtivities are directly proportional to baseline length
Sensitivity to Length of Day

For the W baseline, a perturbation of & $ of the rotational orientation of Mars about
its spin axis results in arcsidual differenced-range signature of

K Ar(1)) =8¢{ sin { [B cos (wpy 14 @p)] - cos § (B cos Isin(wyy 1+ ¢p)1} ®)

Thus, depending on the value of ¢ at the tit ne of the measurement, the amplitude of
the residual signature is between Bd¢ and B 8¢ cos(l) =~ 0.4 BS¢. Since the equatorial
component of the NS baseline is zero, it is not sensitive to perturbations of the rotational
orientation of Mars about its spin axis.

The sensitivity of differenced-range data to variations in the orientation angles is
summarized in Table 1. L.ander-differenced carrier phase measurements acquired from the
W and NS baselines arc sensitive to complementary components of Mars orientation.
While the NS baseline is sensitive to the two components of polar motion, X, and Y ,,, it is
completely insensitive to variations in 1, y, and ¢.In contrast, the EW basecline is sensitive
to the latter parameters, but not to polar motion. Thus, in order to recover information

about al of the orientation parameters it is important that data be acquired from baselines
with components in both the NS and EW directions.

MARS ROTATION MODEL.

Our model for the rotation of Mars is based on the work of Reasenberg and King?.
The transformation from a Mars crust-fixed coordinate, x, to the standard EME 2000
incrtial vector r is given by

r = R(-N)R, DR, YR CDR(-OR(X)R(Y),) X



where R 0) represents a counter-clockwise rotation about axisi through an angle 0, e.g.

1 0 0
R(0)=|® cos® sind
0 —sinf0 cos@

X,, andY,, arc the crust-fixed coordinates of Mars' spin axis; ¢ is the rotation about the spin
axis; I istheinclination of the (instantaneous) Mars equator to the (fixed) Mars mean orbit
plane of J2000;y isthe longitude of the Mars spin axis in the mean Mars orbital plane of
J2000 mecasurcd with respect to the intersection of Mars mcan orbit and Earth’s mean
equator of J2000; N and J transform between the inertial Mars-mean-orbit system and the
Farth-mean-cquator system of J2000 with J the inclination of Mars mean orbital planc
relative to Earth's mean equator and N the angle between Earth's equinox and the
intersection of Mars' mean orbit and Earthfs mean equator of J2000.

Forarigid Mars, the changes in the direction of Mars' spin axis in inertial space duc
to torques from the Sun and other solar system bodies arc described by series expansions
of the angles J and y:

1(1) =10 + 21, cm(a)++ 0,)
(6)

n

Yit) = Wy + Wi+ }14 Y, sin(o,,t 4 6,)

The trigonometric arguments in Fqs. (6) involve multiples of the mean anomaly of
Mars, M, and the angle g = 2€2+ 2® - 2y, where £2 is the longitude of the Mars orbit
ascending node with respect to the FEarth mecan ecliptic, measured from the Earth’ s equinox,
and o is the argument of periapsis. The rate of change of M is the mean motion, n, while
the rate of change of ¢ isncgligible. '1*hc amplit udc coefficients /,,,y,, and s arc functions
of Mars' orbital clements and principal moments of inertia. The dominant uncertainty in the
motion of Mars' spin axisis clue to uncertainty in the polar principal moment of inertia, C;
the amplitude coefficients arc proportional to the quantity (C - A)/C, where A is the moment
of inertia about an axis in the plane perpendicularto the spin axis (wc assume axia
symmetry about the spin axis). The gantity C-A is well determined from mcasurements of
the J, component of the gravity field”. Only asimall number of terms is needed to describe
the motion of Mars' pole at the mil liarcsccond level; we usc the terms through m =9.

To model the fluid core within the rigid mantle, the periodic motion of the spin axis
is expressed in prograde and ret rograde terms, 1, and p,,,

I
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where gy is the free core nutation rate, and the parameter /- is ratio of the core moment of
incrtia to the moment of inertia of the solid body. Since the coefficients p,, and r,,, in
1igs. (7) arc line.ar combinations of /,, and v, , they arc proportional to 1/~.

In the covariance analysis we usc the transformations from Mars crus(-fixed
coordinates given above and solve for corrections to the cocfficients C, ¥, and o, with
nominal values 0.365, 0.070, and 1.5 deg/day respectively. In addition, for each
observation session, wc solve for an independent value of rotation variation about the pole,
¢, and X and Y polar motion since wc expect these to vary randomly due to interactions
bet ween the planet’s surface and atmosphere.

MEASUREMENT ACCURACY

The signal transmitted by the Earth {recking, station is acquired by the Mars landers
and coherently transponded back to Earth. Between the time it arrives at the spacecraft
antenna and is retransmitted, the signal undergoes a variety of phase and group delays
induced by filters and other components in the spacecraft tcleccommunications subsystem.
These delays vary with time and with the changing environmental conditions at the landing
site, partticularly the temperature. Diurna temperature variations at the landing site will give
rise to diurnal variations in the transponder delays; the resulting signature in the lander-
differenced phase may be confused with diurnalsignat urcs result ing from errors in the
nominal Mars orientation parameters. The extent to whichlander transponder delay
variationsinterfere with the parameter estimation depends strongly on the magnitude of the
delay variations. This dependence isinvestigated by considering a variety of transponder
delay stabilities, ranging from 40 to 600 picoseconds per day. As a baseline wc use a
stability of 75 pscc which is characteristic of the Cassini transponder over the temperature
range cxpected 1o be experienced by the clectronics on the surface of Mars?. Within the
covariance anaysis, each lander’s transponder delay is modeled as a random wak
parameter growing in uncertainty by 75 pscc per day. To test the validity of this model, a
simulated 4 hour arc of lander-differenced data was gencerated with variations in Mars
rotation angles and diurnal signatures for the delay on each lander transponder, The diurnal
signatures had 75 pscc amplitude and phase proportional to the elevation of the sun. The
lander transponder dclays were modeled as random walks and the amplitude and phase of
the diurnal signaturc were estimated along with the rotation variations. The resulting
cstimates and 1 -sigma uncertainties of the rotation parameters were consistent with the
values inserted for the simulation.

Radio signals propagating throughinterplanctary space undergo significant phase
variations arising from electron density fluctuations in the solar wind along the signal path.
These fluctuations become increasingly pronounced as the Sun-1hu-th-Probe (SEP) angle
decreascs and the signal traverses denser regions of solar plasma. The contribution of the
solar plasma to lander-differenced phase error is computed using a statistical model for the
phase fluctuations derived from thousands of hours of Viking S and X Band radio-tracking
mcasurcments' Y. The plasma-induced phase noise on lander-differenced phase mea-
surcments is not white phase noise, but because of limitations inherent in the filtering
software, it is simpler to model it as white and compensate for this mismodeling by scaling
the noisc level appropriately. If the Mars landers arc scparated by 1000 km, and the Sun-
Earth-Mars angle is 25°, then the two-way lander differenced phase measurement error over
5 minutes is estimated to bc1.8 mm if the Earth-fander link is at a 2.3 GHz radio
frequency (S-hand). This level of measurement error is small enough that the rotation
determination is dominated by the lander transponder stability. (The phase error would be
even smaller at the 8.4 GHz X-band frequency). A detailed discussion of the solar plasma
phase error is presented in the Appendix.



A number of other effects corrupt the lander-differenced phase measurements at a
level smaller than the solar plasma noise. ‘J here is white noise in measuring the two-way
carrier phase depending on the recelved signal to noise ratio. However if the landers
transmit an equivalent isotropic radiatcd power (EIRP)of 1 W to a DSN 70 m antenna,
then the phase mecasurementerror is smaller than the solar plasma noise. Uncalibrated
phase dispersion (non-linear phase response) in the Earthstation instrumentation also
introduces an error in the lander-differenced phase measurement. The uncalibrated phase
dispersion at S-Band is about 0.18 mm (Ref. 11).

The lander-differenced phase. measurements undergo phase fluctuations induced by
signal propagation through the tropospheres anti ionospheres of Earth and Mars. 1f the
landers arc separated by 1000 km on Mars, then their maximum angular separation as
viewed from Farthis13 prad, when the Earth-Mars distance is at its minimum (0.5 AU).
As aresult, Earth me(iiainduced phase fluctuations on the signals cancel nearly completely.
For example, if the zenith delay through the Earth’s troposphere is calibrated to 4 cm, the
crror in lander-differenced phase is less than (). 1 mm for elevations greater than 5°,
assuming a cosecant tropospheric delay mapping function. Similarly, lander-differenced
phase fluctuations induced by the Earth'sionosphere arc vanishingly small, assuming
typical zenith total clectron content calibration to 5 x10' ¢ el/m?. (Zenith TEC is the path
integral of the electron density through the ionosphere, in the zenith direction.) Because the.
angular separation of the Mars landers as viewed from Earth is so small, errors in thc
location of the Earth antenna, and Earth orientation crrors cancel nearly perfectly when the
phase from tbc two Mars landers is differenced.

IFor Marslanders separated by hundreds or thousands of kilometers, the effects of the
Martian troposphere and ionosphere on the carrier signals arc largely independent.
However, the neutral atmosphere and ionosphere of Mars arc much more tenuous than
those of Earth; these delays change gradually during a tracking pass as the elevations of the
signal ray paths change. Wcassume that the total zenith troposphere delay of 4 cm can bc
calibrated to 10% usirgin-situ atmospheric pressure measurements, and that the total zenith
TECis1x 10'¢el/m {Ref. 12), equivalent to 8 cm of delay on an S-Band signal. The
change in the tropospheric and ionospheric delays resulting from the changing elevation of
the signal path over 5 minutes is a fraction of a millimeter.

Imperfcct knowledge of the relative position of 1 iarth and Mars introduces an error
on the Iander-differcnccgl phase data which varies over the Earth-Mars synodic period. The
JPL. ephemeris DIE2341 exhibits uncertainties of order 10 nrad in the apparent angular
position of Mars as viewed from Earth, duc primarily to uncertainties in the relative
inclinations of the 1 arth and Mars orbit plancs.

COVARIANCE ANALYSIS

A covariance analysis was performed to determine the ability to estimate Mars
orientation and physical parameters using lande: -differenced phase measurements from a
triad of landers. The landers were oriented in an isosceles right-triangle with onc 1000 km
baseline oriented liast-West and the other 1000 km baseline oricnted North-South. Four
hours of lander-differenced phase measurements from both baselines were simulated
during once-weekly tracking passes beginning on 2-January 2004”, and cent inuing for onc
Mars year. The differenced phase measurements were scheduled at onc of the 70 m DSN
antennas. The lander network was chosen aibitrarily; any similar arrangement with
baselines about 1000 km long ant] significant North-south and liast-West baselines should
give comparable results.




The covariance analysis assumptions are summarized in ‘I’able 2. Estimated
parameters modeled as constants include the angular coordinates of the Mars Pole position /
and v, the Mars polar moment of inertia C, theratio of the core moment of inertia to the
solid body moment of inertia, ¥, the frec core nutation rate, 0, 4 length of day correction,
¢, Mars X Polar Motion, X, Mars Y Polar Motion, Y,), and the lander locations. All
parameters cxcept ¢ and polar motion are modcled as constants over the lwo-year data arc.
The parameters ¢, X,), andY), arc estimated independently for each pass.

The differenced phase data are weighted at 1.8 mm to account for measurement errors
arising from the solar plasma, the.rmal noise, and instrumental phase dispersion. in the

initial analysis, lander transponder delays are modeled as random walks with variance
growing by (75 pscc)? per day.

Table 2
COVARIANCE ANALYSIS ASSUMPTIONS

Mars Lander Locations

Latitude (deg) 1.ongitude (deg)

1 .anderl 2 2
1,andcl’ 2 2 22
1.ander3 22 2

Data Schedule

Once-weekly 4-hour tracking passes at asingle Earth antenna
Jan. 2, 2004 to Nov. 27, 2005.

Two-way lander-differenced phase data weighted at1.8 mm (S-rein integration)

Estimated Parameters

Nominal Value _._ . _A Priori Uncertainty.
Polar moment of inertia, C 0.365 5
Moment of inertia ratio, ¥ 0.07 0.5
Free core nutation rate, o, 1.5 deg/day 1.0 deg/day
Mars obliquity at 12000, 7, 25.19202 deg 0.5 deg
Mars pole longitude at J2000, l//(( -98.02561 dcg 0.5decg
Mars length of day correction, ¢ Odeg 1deg
Mars X polar motion, X, Odeg | deg
Mars'Y polar molion,)’,,ﬂ Odeg 1 deg
lLander locations 1000 km/component
Lander transponder delays' 01s

1 istimated parameters modeled as constants over the two yea data arc except:
‘ estimated independently for each weekly pass R
Hestimated as random walk whose variance grows by (75 psec)’ per day

Considered (Unadjusted) Parameters

Uncertainty
Mars zenith troposphere delay 4111111
Mars zenith TEC 1x 10° el/m?
Harthstat ion locations 3 cm/cornponent
Farth Polar Motion 1 mas/component
Farth UT1 70 psec

Mars-1 {arth ephemerides Covariance from 1)1 :234 (= 10 nrad)
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To address errors arising from mismodeling of the Mars and FEarth media effects, the
Larth and Mars ephemerides, and Earth orientation and the Harth station’s location, a
consider analysis was performed. "Considered” parameters are not estimated; rather the
formal parameter uncertainties calculated by the least-squares analysis are increased by an
amount corresponding to the sensitivity of the parameters to uncertatintics in the considered
parameters. The Mars zenith troposphere delay, and zenith T1iC arc assigned uncertainties
of 4mm and 1x 10’6 cl/m?, respectively. The 1 larth and Mars ephemeris elements arc
assigned acovariance derived from the .111, D1i234 ephemeris. Earth station location
uncertainties arc assumed to be 3cm/component, Earth polar motion uncertainty is
1 mas/component, and uncertainty in Earth UT1is 70 pscc.

The results of the covariance analysis are summarized in Table 3. Mars' polar
moment of incrtia is determined to O. 1 % of its nominal value; the uncertainty on the
estimate of the moment of incrtia ratio, I, is0.011. The free core nutation rate, o, , can be
estimated to 0.02 deg/day which corresponds to uncertaint y of 4 3 daysin the free core
nutation period, assuming a nominal period of 240 days. Because Mars polar motion and
rotation about its spin axis arc estimated independently for each of the 98 weekly passes
over the two year period, Table 5 reports the range of uncertaintics obtained for each of
these parameters. All lic between 4 and 24 mas (corresponding to 7-40 cm at the planet’s
surface). Finally, the angular coordinates of the Mars spin axis at J2000, /, and y,, can
bc measured to 2 and 43 mas, respectively. For al of the parameters, the formal
uncertainty dominates; the most significant consider parameter is the Mars troposphere.

The covariance analysis used a data weight of 1.8 mm for S-rein lander-differenced
phase points. As was discussed earlier, the lander-differenced phase measurement error is
dominated by signal transmission through the solar plasma. ‘I’he calculated crror was
1.8 mm for Sun-Earth-Mars (SEM) angle of 25°, but solar p]asnla-induced phase
fluctuations on the received signals depend strongly on the SIEM angle, which is greater
than 25° during most of the Earth-Mars synodic period. 1t turns out, however, that the
covariance analysis results change little if the data noise is dynamically decreased to account
for the changing SEM angle. in fact, uniformly decreasing the measurement noise by an
order of magnit ude changes the errors oft he Mars parameter cst imates by onl'y 5 pereent.

Table 3

COVARIANCE ANALYSIS RESULTS
(Four hour data arcs, 75 psec transponder delay stability)

---------- Consider Yirors” ------------

Parameter 1 ‘ormal Uncertainty  Mars  Trc »p Mars Ion Ephemeris RSS

C 3.7 x 104 24 x104%  05x1(- 05x10% 45x10%
F 0.011 0.001 0.000 0.001 0.011
0, (deg/day) 0.019 0.005 0.001 0.000 0.020
1() (mas) 19 0.7 0.1 0.1 20

q/(, (mas) 36.4 22.3 5.0 4.0 43,2

¢! (mas) 8-23 5-1o 1-3 0-1 10-24
X, 1 (mas) 5-7 4-5 0-1 0 7.9

Y, (mas) 3-6 13 0-1 0 4-7

“Firrors due 1011211111 media, Tiarth station location uncertasinty, and Liarth orientation uncertainty are
vanishingly small and therefore notincluded in this table.
TRange of values obtained from 98 independent weekly climates performed over 2 year period,

1)



The accuracy of the parameter estimates islimited not by the data weight but rather by
the lander transponder delay stability, To investigate this dependence, additional analyses
were performed in which the lander transponder delay was varied between 40 and 300
psec. The results arc summarized in Figure 2, in which the total errors (RSS of the formal
and consider errors) arc shown for each parameter. The accuracy of the parameter
estimates depends almost linearly on the transponder dclay stability for all of the
parameters.
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We have also considered the impact of using data arcs which arc shorter than 4 hours.
Figure 3 illustrates the change in parameter estimate uncertaintics as the data arc length is
varied between 1 and 4 hours. Yor each of these cases we have assumcd transponder delay
stability of 75 psec. The most significant benefit of increased data arc length isaccrued as
the tracking passes arc increased from ] 1o 2-3 hours. in this regime, the accuracy of the
parameter estimates incrcasesmuch faster’ than the square mot of the number of
measurements because the longer data arcs capture a larger fraction of the diurnal sinusoids]
signatures in the data.  The marginal benefit in increasing from 3 to 4 hours is less
pronounced, though still somewhat better than the squarcroot of the number of

measurements.
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CONCLUSION

The tracking strategy described in this study offers a straightforward scheme for
meauring rotational variations of Mars --—weekly simultancous 2-way tracking of acarricer
phase signal bewteen an Earth antenna and a network of Mars landers. The landers arc
arranged so that pairs of them define 1000 km basclines in the North-South and the East-
Westdirections. For best results, the weekly tracking passes should be several hours in
duration. Using this tracking strategy, the orientation of Mars can be monitored with
unprecedented accuracy.

The ability to recover Mars orientation information from lander-differenced carrier
phase depends strongly on the diurnal thermal delay stability of the lander transponders, as
well as the length of the data arcs. The dependence on transponder delay stability is
practically lincar in the regime of stabilities ranging from 40-300 psec. The parameter
estimates improve significantly as the data arcs arc lengthened to 3or 4 hours. Assuming
lander transponder delay stability of 75 psecc, 4 hour data arcs allow estimation of Mars
polar moment of inertia to ().1%, i.e. the 50 m annual procession of Mars can be measured
with 5 cm accuracy. This is accurate enough to provide astrong constraint
onradial density profiles for the planct's interim, in particular enabling bounds to be set on
the iron content of the core and mant le. Furthermore, such accurate knowledge of the polar
moment of incrtia would provide constraints on the long term variations in Mm'’ obliquity
and climate. Wc have aso shown that Mars polar motion and length-of-day variability can
be measured to the 4-24 mas (7-40 cm) level. This is sufficiently accurate to enable
detection of predicted length-of-day variations and polar motions arising from the seasonal
melting and re-freezing of the CO, icc caps at the planet's poles.
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APPENDIX

To model solar plasma-induced fluctuationsonradio signals transmitted by
interplanetary spacecraft, the plasma isimaginedto be confined to athin screen passing
through the center of the sun and perpendicular to the line connecting the spacecraft and the
earth. This construction is valid only when the Sun-Earth-Mars angle is less than 90°, but
in this development wc arc concerned with the effect of the plasma when it is most
significant -— at small Sun--F. arth-Mars angles. A random function, ¢(x), represents the
phase fluctuation induced on aradio signal asit penetrates the plasma screen at adistance x
from the center of the sun. Then the quantity ¢(b+ x) - ¢(x) represents the differential phase
fluctuation induced on two signals which are separated by a distance b when passing
throughthe plasma screen.  Since Mars is 1.5 times farther from the Sun than is Earth, the
dimmcﬁ b is always less than half the distance between the two landers; here we will usc b
= 500" km.

To determine the plasma-induced phase err or on radio mcasurements, the spatial
structure function of phase, D(b), is computed. The structure function of phase is defined
as. D(b)=<(¢ (b+x)- ¢ (x))?>. Here, brackets dcnote ensemble average. D(b) may be
viewed as representing the phase variance of a differenced phase measurement. Thepowm
spectrum of electron densit y fluctuations, which has been determined experimentall y'0 can
be used to calculate aformula for D(h) (Ref. 14):

25 x10"¢
(fkp)?
In this expression, fi;. is the signal radio frequency in Hz, S1:P is the Sun-13arth-F robe

angle, ¢ is the speed of light, and vy, is the velocity of the solar wind (typically 400
knl/see).

D(b) X (D/v) 03 X (sin(SEP)) 2% m?2

Knowledge of the structure function enables calculation of the temporal correlations
between plasmarinduced errors on radio measurements.  First note that because of the
dynamics of the solar wind, the plasma-induced phase fluctuation, ¢, isactually afunction
of both space and time, ¢ = ¢(x,t) . ]f however, it is assumed that the plasma turbulence
consists of fixed structures which maintain their shape as they travel radially outward from
the sun at velocity vy, then ¢ may be written as a function of a single variable, ¢(x,7) =
O(x- v l).

Let Ad(b, Tj) = ¢(b+x, 1;) - ¢(x,1i) and AD(b, Tj) = ¢(b+x,1;) - ¢(x,1;) be the
station-differenced phase at earth receive times 7; and T , along a baseline whose
projection onto the plasma scnccn has length b. }]CIC ti=7; - { light travel time from
plasmascreento earth), and #; -7j. .. travel time from plasma screen to earth}.

The temporal covariance IS computed as
(ADD, TYAD(D, T))) = ((HD+x1) - Gt Wb+x1) - Px1))
= (@b A1) YbAx 1)) ( Yb+x,1;) Y1)
CWb +x,) KX CG(x, 1) G(x,1)




Assuming ¢ is stationary,
< a)()';’) _@(}’J’» = <¢(X~szl) (j)(,y'vswl ')> = (4)()(-)*-\{‘.,\,(1»1')) ¢(0)>

b ={(6 (p+) -6 (1)) =24 (D(P)E)(0))}-
Applying the above two equations yields:

and

(AL, TIADD,T) ) = 172 Db veult; - 1)) + 112 Db +vy.(1; - 1)) - D(veo(1; - 1;))

This expression allows the computation of a covariance matrix for an arc of
measurements. However, in our parameter estimation software. we weight the lander-
differenced phase points as uncorrclated white noise. We need to estimate the best white
phase noise level to use so that the uncertaintics in estimated mode] parameters reported by
our program arc no better than the uncertaintics implied by the true solar plasma covariance.

The model parameters wc estimate impose a signature on the sing] y-differenced phase
data with a period given by Mars' rotation rate. l‘or asingle observing pass, wc consider
the matrix equation

z= Ax + Vv

where z,is the value of the measurements, a- a1 ¢ the mode] parameters to be estimated,
A, arc the part i g derivatives of the measurement with respect to the mode] parameters, and
v, 1s the measurement misc. The estimated covariance on the model parameters is given
by

(xx, )= (ATWA)

where A" is the transpose of the partials matnx and W is the weighting matrix. The
optimal least-squares estimate and covariance is given by choosing awc ghting matrix that
is the inverse of t he act val measurement noise covariance: W, = (W )’ If weuse a
different weight i ng mat rix, the corresponding act ual covariance can be computed by

(xx,) = (A" WA) AW (v, YWA(A" wa) (Al)

This expression for the actual covariance isindependent of the scale of the weighting
matrix, so wc can choose the scale of the weighting matrix so that the computed covariance
reported by the least-squares parameter estimat ion program, A7WA | matches the actual
covariance as closely as possible.

For this study, we considered a four-hour pass of’ singly differenced data taken at |-
second intervals and estimated three parameters;, a phase bias and the amplitudes of
sin(wr) and cos( wr) to estimate an arbitrary sinusoidal signature wit h @ the angular
rotation rate of Mars. Wcfind, for a frequency of 2.3 Gliz and SI:P of 25° that using a
white mcasurement noise of 2.3 cm gives a computed covariance (A TWA )1 for the
estimated parameters that is slightly (<5%) larger than the actual covariance obtained from
tq. (A]). The actual covariance is about 1 0% larger than the optimal covariance,
(Al 'W(),,A)'_.,iﬁdi.cati ng that wc pay a 10% penalty for not having the capability to use the
true measurement covariance in forming the parameter estiniates. For our simulations we
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have compressed our data to S-minute points, for which the |-way white-phase noise
wouldbc1.3mm. The corresponding noise level for two-way mcasurements is 1.8 mm.
Wc have used this noise level for all SEP angles SO WC are being fairly conservative in our

data weights.




